To meet the nonphytate P (nPP) requirement of the broiler chick for growth, many producers supplement an inorganic P source, such as dicalcium phosphate or rock phosphate. This practice is expensive and results in greater excretion of P that can lead to increased runoff and possible incidence of eutrophication [1] [2] [3] [4] [5] . The supplementation of phytase (PHY), vitamin D 3 or its metabolites 1,25-dihydroxycholecalciferol and 1α-hydroxycholecalciferol (D 3 ), or the combination of both PHY and D 3 increased P retention, resulting in reduced P excretion as well as cost savings resulting from decreased supplementation of inorganic P sources [1, [5] [6] [7] [8] [9] [10] . Nawaz et al. 
to each diet. The vitamin and mineral mix provided the following (per kilogram of premix): selenium, 40 ppm; vitamin A, 1,320,000 IU; vitamin E, 2,860 IU; menadione, 176 mg; vitamin B 12 , 1.87 mg; biotin, 6.6 mg; choline, 71,500 mg; folic acid, 220 mg; niacin, 6,600 mg; pantothenic acid, 1,760 mg; pyridoxine, 176 mg; riboflavin, 880 mg; thiamine, 220 mg. has the potential to improve broiler chick performance when supplemented to corn-soybean meal diets with reduced dietary nPP.
With these benefits in mind, the objective of the current study was to determine the effects of feeding higher than commercial concentrations of cholecalciferol to growing broiler chicks fed various concentrations of nPP on bird performance, tibia ash, and P retention. A second experiment followed the first to determine the effects of high cholecalciferol feeding in combination with PHY on bird performance, tibia ash, and P retention.
MATERIALS AND METHODS

General Procedure
All bird procedures were approved by the Institutional Animal Care and Use Committee of Iowa State University. Two experiments were conducted with Ross 308 female chicks that were purchased from a local hatchery [13] . Chicks were maintained in raised wire battery pens (508 cm 2 /bird) with continuous light in an environmentally controlled room, where all chicks had access to supplemental heat begin- Values within each individual main effect column with no common superscript are significantly different (P ≤ 0.05). s-z Values with an interaction column with no common superscript are significantly different (P ≤ 0.05). 1 Data are means of 6 replicate groups of 5 chicks per treatment during the period 5 to 23 d after hatching; average initial BW of 100 g. 2 Cholecalciferol.
ning at 35°C on day of hatch and decreasing 2°C every week. Chicks were fed a standard cornsoybean meal diet that met or exceeded NRC [14] recommendations before being placed on experimental diets at either 4 or 5 d of age. All chicks were weighed, sorted, wing banded, and randomly allotted to dietary treatments. Feed and water were provided ad libitum throughout the experimental period. Individual BW were determined at the beginning and at the end of the experimental period to determine BW gain. Chicks were monitored twice daily, with mortalities and cull chicks removed from the pens as they occurred. Mortalities or cull chicks were weighed and recorded before disposal. Feed intake was determined by the difference in feed offered and feed refused calculated on a pen basis for the duration of the experimental period. Mortality-corrected FE was determined as the ratio of pen weight gain plus BW gained before mortality divided by the feed intake over the experimental period. Excreta samples (approximately 250 g/experimental unit) were collected over the final 2 d of the experimental period to determine total tract P retention (TTPR) using TiO 2 as an inert dietary marker [15, 16] .
At the end of the experiment, chicks were euthanized by CO 2 asphyxiation and the right tibiae from all chicks were collected and pooled by experimental unit for tibia ash determination [17, 18] . Statistical analysis was conducted using the GLM function of SAS [19] . Statistical significance was assigned at P ≤ 0.05.
Experimental Diets
The experiment diets are provided in Table 1 and 2. The D 3 supplement premix used in both experiments was guaranteed to contain 500,000 IU/g, and additions were based on the guaranteed content. All supplemental D 3 additions were made on top of a complete vitamin and mineral premix that contained 2,750 IU of D 3 / kg of diet. The PHY used in experiment 2 was an Escherichia coli-derived PHY and was added according to guaranteed minimum activity. 
Experiment 1
Experiment 1 was conducted to determine the effects of feeding high concentrations of D 3 to growing chicks fed various concentrations of nPP on bird performance, P utilization, and body P status. The experiment consisted of a 5 × 3 factorial arrangement of treatments in a completely randomized design with 5 dietary concentrations of nPP (0.20, 0.26, 0.33, 0.39, and 0.45%) and 3 concentrations of D 3 (0, 7,500, and 15,000 IU/kg), which were selected based on results observed in the literature [20] [21] [22] [23] . In total, 450 chicks were randomly allotted to 90 experimental units in groups of 5 chicks. Chicks were selected from an initial pool of 500 chicks, using BW as the determining factor. Body weights of selected birds ranged from 81 to 112 g at the beginning of the experimental period, with an average pen weight of 100 g. Each of the 15 treatments was replicated 6 times, resulting in 30 birds per treatment. The experimental diets were fed for the 18-d period (d 5 to 23).
Experiment 2
Experiment 2 was conducted to determine the effects of feeding high concentrations of D 3 and PHY to growing chicks fed various concentrations of nPP on bird performance, tibia ash, and TTPR. The study was arranged as a 4 × 2 × 2 factorial in a completely randomized design with 4 dietary concentrations of nPP (0.15, 0.25, 0.35, and 0.45%), 2 concentrations of PHY (0 or 1,000 FTU/kg), and 2 concentrations of D 3 (0 or 7,500 IU/kg), which were selected based on the results from experiment 1. In total, 480 chicks were randomly allotted to 96 experimental units in groups of 5 chicks. Chicks were selected from an initial pool of 525 chicks, using BW as the determining factor. Body weights of selected birds ranged from 60 to 125 g at the beginning of the experimental period, with a pen average of 88 g. Each of the 16 treatments was replicated 6 times, resulting in 30 birds per treatment. The experimental diets were fed for a 15-d period (d 4 to 18).
RESULTS AND DISCUSSION
Experiment 1
Supplementation of D 3 has been shown to improve BW gain, feed intake, FE, tibia ash, and TTPR in birds fed diets both adequate and deficient in nPP [1, 7, 8, 11, 12, [24] [25] [26] [27] [28] . In this experiment, cholecalciferol was not effective in improving BW gain or tibia ash (Table 3) . A significant (P ≤ 0.05) nPP × D 3 interaction for FE and TTPR occurred, whereas a main effect of nPP resulted in a significant (P ≤ 0.05) improvement in BW gain, tibia ash weight, and tibia ash percentage. As expected, BW gain and tibia ash improved as dietary nPP increased because of the increased P in the diet. Supplementation of D 3 (at either level) improved FE with increasing concentrations of nPP until FE peaked at 0.39% dietary nPP, whereas FE peaked at 0.26% dietary nPP for the nonsupplemented diets. Results of the current study are in contrast to those of Rama Rao et al. [1] and Biehl and Baker [8] , Values within a column with no common superscript are significantly different (P ≤ 0.05). 1 Data are means of 6 replicate groups of 5 chicks per treatment during the period from 4 to 18 d after hatching; average initial BW of 88 g. 2 Cholecalciferol. 3 FTU = phytase units.
who noted a significant (P ≤ 0.05) improvement in FE when 3,600 IU/kg of D 3 was supplemented to 0.27% dietary nPP and when 1,000 IU/kg of D 3 was supplemented to 0.14% dietary nPP, respectively.
A significant (P ≤ 0.05) nPP × D 3 interaction occurred for TTPR (Figure 1) . Although there were differences in the interaction of TTPR across the various nPP concentrations, no clear pattern could be determined. It was evident that at least over some nPP concentrations, D 3 increased the TTPR of the birds. These findings are similar to those reported in the literature [1, [5] [6] [7] in that supplementation of D 3 or its metabolite (1,25-dihydroxycholecalciferol) improved P retention. The mechanism for this response has 2 possible explanations: first, D 3 can act on the cells of the intestine to upregulate mRNA expression of the Na-coupled P cotransporter, thus improving P absorption [6, 29] ; second, D 3 can act directly on the phytate compound to release the bound P, resulting in a greater supply of P for the body [12] . In past research, cholecalciferol improved performance, tibia ash, and TTPR, although its effectiveness in the current study was observed only through interactive effects on TTPR and did not affect BW gain, FE, or tibia ash. Although D 3 increased TTPR, this Values within a column with no common superscript are significantly different (P ≤ 0.05). w-z Values with an interaction column with no common superscript are significantly different (P ≤ 0.05). 1 Data are means of 6 replicate groups of 5 chicks per treatment during the period from 4 to 18 d after hatching; average initial BW of 88 g. 2 Cholecalciferol. 3 FTU = phytase units. increased P retention had little effect on bird performance, based on the results of this experiment.
Experiment 2
The combination of supplemental D 3 and PHY has been shown to improve performance, tibia ash, and TTPR in several experiments [5, 9, 10, 25] . In contrast to results of the previous studies, results of the current study suggest that D 3 did not improve BW gain, FE, tibia ash, or TTPR (Tables 4 and 5 ). A significant 3-way interaction between nPP × D 3 × PHY was noted. Significant main effects of dietary nPP and PHY were observed on BW gain, FE, tibia ash, and TTPR. In general, performance significantly improved as PHY was supplemented at 1,000 FTU/kg or as dietary nPP increased. These findings are similar to previously published reports [30, 31] .
A significant (P < 0.006) nPP × PHY interaction occurred for both tibia ash weight and tibia ash percentage. As expected, the greatest improvement in tibia ash was noted with the addition of PHY to low-nPP diets, where it was observed to have the largest increase in tibia ash weight and percentage in comparison with diets containing higher amounts of nPP. Results of the current study are similar to those in the literature [31, 32] . A significant 3-way nPP × PHY × D 3 interaction occurred in TTPR ( Figure 2) ; this was due to a large reduction in P retention for the nonsupplemented 0.45% nPP diet, and no current explanation is available regarding why this value was so small (28.24%). These results are in contrast to those of Qian [9] , who noted a significant improvement in TTPR when D 3 (2,640 or 26,400 IU/kg), PHY (0 to 900 FTU/ kg), or their combination was fed with 0.27% nPP to chicks from d 1 to 21. In the current study, D 3 did not improve performance, tibia ash, or TTPR. The supplementation of PHY had beneficial effects on all parameters tested in the current study. In this study, increased concentrations of D 3 supplemented to an adequate diet did not improve the performance of broiler chicks fed low-nPP diets.
CONCLUSIONS AND APPLICATIONS
1. The supplementation of higher concentrations of D 3 to broiler diets already adequate in vitamin D was able to improve 
